We report the effects of annealing on the morphology and crystallization kinetics for the high-gate dielectric replacement candidate hafnium oxide (HfO 2 ). HfO 2 films were grown by atomic layer deposition ͑ALD͒ on thermal and chemical SiO 2 underlayers. High-sensitivity x-ray diffractometry shows that the as-deposited ALD HfO 2 films on thermal oxide are polycrystalline, containing both monoclinic and either tetragonal or orthorhombic phases with an average grain size of ϳ8.0 nm. Transmission electron microscopy shows a columnar grain structure. The monoclinic phase predominates as the annealing temperature and time increase, with the grain size reaching ϳ11.0 nm after annealing at 900°C for 24 h. The crystallized fraction of the film has a strong dependence on annealing temperature but not annealing time, indicating thermally activated grain growth. As-deposited ALD HfO 2 films on chemical oxide underlayers are amorphous, but show strong signatures of ordering at a subnanometer level in Z-contrast scanning transmission electron microscopy and fluctuation electron microscopy. These films show the same crystallization kinetics as the films on thermal oxide upon annealing.
INTRODUCTION
The search for suitable candidates to replace SiO 2 as the gate dielectric in future sub-100-nm complementary metal oxide semiconductor ͑CMOS͒ devices 1 has recently received enormous attention. 2 Of the many different materials with high dielectric constants , which have been used as SiO 2 replacements, 2 hafnium oxide (HfO 2 ) is one of the most promising. HfO 2 is compatible with polysilicon processing, [2] [3] [4] [5] [6] has a high dielectric constant of ϳ16 -25, 2,7-9 and has demonstrated very encouraging initial device characteristics. [10] [11] [12] [13] [14] [15] The thermal stability of high-materials in direct contact with Si and SiO 2 has also emerged as a key issue in selecting suitable high-candidates. The thermal stability of HfO 2 films in contact with Si and SiO 2 has been studied for HfO 2 deposited by atomic layer deposition ͑ALD͒, 16 ion beam assisted deposition, 17 metalorganic chemical vapor deposition, 18 and jet vapor deposition ͑JVD͒.
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The as-deposited structure of HfO 2 films is also at issue. Zhu et al. 12 report that as-deposited JVD HfO 2 does not show a clear crystalline peak in x-ray diffraction, indicating that the film is amorphous. Amorphous layers are generally preferred for gate oxides, but a polycrystalline layer may also be acceptable. Hergenrother et al. 13 have demonstrated metal-oxide-semiconductor field-effect transistors using ALD HfO 2 and poly-Si gates with extremely low leakage current densities (J G ϳ10 Ϫ7 A/cm 2 for an equivalent oxide thickness of ϳ15 Å͒, in which the HfO 2 gate oxide is polycrystalline. Using a polycrystalline gate dielectric film with a large grain size will help minimize the variations in the effective electric field experienced by the charge carriers in the channel. This suggests that a large, predictable grain size may be a useful selection criterion for high-candidate materials.
It is therefore important to understand the kinetics of crystallization of pure HfO 2 films when they are subjected to the high temperatures used in conventional CMOS processing, a subject that has received very little attention. [19] [20] [21] This level of uniformity is essential for future CMOS processing.
We have used high-sensitivity x-ray diffractometry and cross-sectional transmission electron microscopy ͑TEM͒ to characterize these films. X-ray diffraction ͑XRD͒ was performed using a two-dimensional ͑2D͒ angle-resolved detector, which greatly increases the sensitivity to small fractions of crystallized material or small grain sizes. We have also employed fluctuation electron microscopy, 22 an electron diffraction technique, to measure the residual degree of order in the subset of as-deposited films that are amorphous.
EXPERIMENTAL PROCEDURE
HfO 2 films 20 nm thick were grown by ALD on p-Si(100) substrates ͑ϭ5-10 ⍀ cm͒. The detailed atomic layer deposition mechanism has been reported elsewhere. 23 Before deposition, substrates were treated with a diluted HF solution to remove the native oxides, followed by growth of either thermal or chemical oxide layers. The thermal oxides were 0.5 nm thick, and 0.55-nm-thick chemical oxides were formed by rinsing the HF-last wafers with deionized water that contains ϳ5 ppm O 3 . A thin interfacial SiO 2 layer greatly facilitates uniform film growth and is essential to ensuring a linear growth rate for HfO 2 in the ALD process. HfO 2 growth on H-terminated Si is very nonuniform. 24 An excess of each precursor was supplied alternately to saturate the surface sites and ensure self-limiting film growth. Excess species and gaseous by-products were purged with N 2 at a flow rate of ϳ800 sccm to prevent any gas phase reactions. 25 HfO 2 films were grown using alternating pulses of hafnium tetrachloride (HfCl 4 ) and H 2 O, using N 2 as a carrier gas. The ALD process was performed in an ASM Pulsar 2000™ module at 300°C and a chamber pressure of ϳ1.5 Torr. The anneals were performed in a tube furnace with an N 2 ambient at atmospheric pressure.
X-ray diffraction patterns were obtained using a Brücker-AXS system with a 2D angle-resolved area detector. 26 The unique feature of an area detector is the ability to simultaneously detect the diffracted beam intensities over a large range of and 2 angles with little or no sample or detector movement. In a conventional XRD system, diffraction out of the diffractometer plane is not detected; thus, the materials structure represented by the missing diffraction data will either be ignored, or extra sample rotation is needed to complete the measurements. All samples were measured with the detector held fixed at 2ϭ45°. The samples were continuously rotated through the range of 10°Ͻ2Ͻ40°. Phase identification was done by integration over the range of Ϫ65°ϽϽϪ115°along the Debye rings to yield peak intensity versus 2 plots in a range of 15°Ͻ2Ͻ65°. All samples were measured with a 500 s exposure to ensure comparable signal-to-noise ratios, and the Si background was subtracted from each spectrum. The crystallite size was inferred based on the Scherrer formula, L ϭ0.94/W eff cos , where L is the structural coherence length, is the wavelength of the x-ray radiation ͑0.1542 nm͒, is the half angle of the scattering vector, and W eff is the effective full width at half maximum ͑FWHM͒ of the x-ray peak, corrected for instrumental broadening by W eff 2 ϭW meas 2 ϪW system 2 . 27 We take W system ϭ0.527°, the measured FWHM of the ͑111͒ Si peak. We used a well-developed HfO 2 peak near 2ϭ28.4°to estimate the grain size and the degree of crystallinity of the film. In this study, use of the phrase ''degree of crystallinity'' refers to the fraction of crystallized material in an amorphous matrix.
Electron microscopy and electron diffraction experiments were performed in a JEOL 2010F ARP-STEM operated at 200 kV. Cross-section samples were prepared by tripod polishing and imaged in a ͗110͘ orientation. Fluctuation electron microscopy experiments were performed using scanning transmission electron microscopy ͑STEM͒ microdiffraction 28 with a 5 Å FWHM electron probe. Figure 1 shows the XRD patterns for the HfO 2 films on thermal oxide after annealing at a series of different temperatures and times. The top panel shows the peak positions and intensities for crystalline HfO 2 from the powder diffraction ICDD card files. For all of the resolved peaks in the spectra ͑solid arrows͒ except one, the peak near 2ϭ30.4°͑dashed arrow͒ corresponds to the monoclinic crystal standard. The peak at 30.4°corresponds to either a tetragonal or ortho- rhombic phase. Both phases may be present, as the peaks could overlap in our XRD spectra; additional study is required to determine which phase is present. Our results are consistent with the results of Aarik et al., 29 who observed an orthorhombic phase in ALD HfO 2 films grown at 500°C. Ritala et al. 30 also observed weak peaks at the same position of 2ϭ30.4°. As annealing temperature and time are increased, all monoclinic peaks grow in intensity, while the peak near 2ϭ30.4°does not, suggesting that the monoclinic phase is preferred during grain growth in furnace annealing. Additional data ͑not shown͒ acquired at a series of intermediate annealing temperatures and times between the values shown in Fig. 1 show the same trend.
RESULTS AND DISCUSSION
The area detector images from which Fig. 1 is derived show continuous rings, indicating that the films on thermal oxide are polycrystalline with equiaxed grains. We can therefore measure the grain size and the degree of crystallinity of the film from the characteristics of the (111) peak. The FWHM and area of the (111) reflection ͑2ϭ28.4°͒ were determined by fitting each spectrum to a Gaussian line shape. The area is related to the degree of crystallinity, and we deduce the structural coherence length ͑i.e., mean grain size͒ from the FWHM using the Scherrer formula as described above. Figure 2 shows peak areas as a function of the grain size at various annealing temperatures and times, which illustrates the evolution of the ALD HfO 2 grain growth. The degree of crystallinity depends strongly on the annealing temperature but only weakly on annealing time. Only a very small change in grain size was observed even after a long anneal of 24 h ͑Fig. 2͒, indicating that grain growth in this system is thermally activated. There was no significant change in the integrated areas upon annealing at 900°C for 24 h, suggesting that the films have fully crystallized.
A typical microstructure for a 20 nm ALD HfO 2 film grown on a ϳ1 nm thermal SiO 2 layer is shown in the crosssectional TEM of Fig. 3 . The polycrystalline nature of the HfO 2 film on thermal SiO 2 is evident. The grain size as measured by TEM for the as-deposited films is in very good agreement with values calculated using the Scherrer formula, as described above. TEM also shows that the grain morphology is columnar, with the height of the grains approximately equal to the film thickness.
Films deposited on a chemically grown SiO 2 underlayer have a very different microstructure. Figure 4 is a highresolution ͑HR͒ annular dark-field ͑ADF͒ ''Z-contrast'' STEM image of this sample. This imaging mode is particularly well-suited to characterization of thin oxide layers because it is incoherent. 31 The Si lattice is visible across the bottom. The SiO 2 underlayer is the thin dark band just above the lattice. The image intensity in this mode scales as Z 1.7 , where Z is the atomic number of the species under the beam, so the HfO 2 is the bright band across the top of the image. (111) peak in the x-ray spectra are extracted from Gaussian fits to the peaks. The mean grain size is calculated from the FWHM using the Scherrer formula, assuming equiaxed grains. The area under the same peak is proportional to the fraction of the sample that has crystallized upon heat treatment. The error bars are derived from Gaussian fits. The most striking and unusual feature of this image is that there is visible structure in the HfO 2 that is not a crystal lattice. There are no visible crystal grains in the film, which would suggest that it is amorphous. In ADF STEM, however, an amorphous material should show no contrast; the familiar speckle pattern from amorphous samples in high-resolution TEM ͑such as the a-Si layer at the top of Fig. 3͒ occurs because HRTEM is a coherent imaging mode. Without the coherence, there should be no contrast ͑see, for example, the images in Muller 31 and Busch et al.
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͒. Figure 4 , therefore, suggests that the ALD HfO 2 deposited on chemical oxide has less order than a crystal, but more order than a true glass such as SiO 2 . The top panel of Fig. 5 is a convergent beam electron diffraction ͑CBED͒ pattern from the same sample; the disk-like features are suggestive of the disks that would be observed from a crystal, but they are not fully formed and they do not exhibit crystalline symmetry.
Fluctuation electron microscopy ͑FEM͒ is uniquely sensitive to this sort of intermediate-range order. 22 In FEM, we measure diffraction from many small volumes of the sample, in the form of CBED patterns like those in Fig. 5 . 28 If there are large fluctuations in the diffracted intensity from place to place, the structure is heterogeneous and ordered; if the fluctuations are small, the structure is homogeneous and disordered. 22 We use the statistical variance V of the diffracted intensity distribution as a quantitative measure of the magnitude of the fluctuations.
The bottom panel of Fig. 5 shows V as a function of the scattering vector magnitude k for the HfO 2 film and, for comparison to a true glass, an SiO 2 film deposited by chemical vapor deposition. The magnitude of V(k) for the HfO 2 film is two orders of magnitude larger than V(k) for the SiO 2 film. V(k) for the HfO 2 is, in fact, larger than that for any amorphous material ever measured, including amorphous silicon, germanium, and carbon. This indicates that this sample has a great deal of order at the 5 Å length scale probed by these measurements. The form of this order is as yet undetermined, but it could be small ͑ϳ1 nm or less͒ crystal-like clusters. Competition between clusters of the monoclinic, orthorhombic, and tetragonal phases might prevent overall crystallization.
This result is further supported by the XRD spectrum of the HfO 2 on chemical oxide ͑dotted line͒, shown as a function of annealing temperature in Fig. 6 . The as-deposited sample shows primarily the broad maxima characteristic of an amorphous sample, with a very weak peak near 2 ϭ30.4°. This may indicate a very small crystalline fraction in the orthorhombic or tetragonal phase; STEM and FEM investigate only a small region of the film and might miss a very low density of crystals. Thicker films are known to Only extremely weak reflections were detected from the as-deposited film with a chemical oxide underlayer, suggesting that the films were either amorphous or nanocrystalline. Upon annealing, the peak intensities from both films achieve the same height and FWHM, indicating that there is no significant difference in the crystallization kinetics.
facilitate crystal nucleation, 30 so it is not surprising to observe very fine-grain nanocrystallinity in a HfO 2 film only 20 nm thick.
Despite the difference in as-deposited structure, HfO 2 films deposited on both thermal and chemical SiO 2 underlayers exhibit similar crystallization kinetics, as shown in Fig. 6 by the fact that the peak intensity of both films increases up to the same height and FWHM on annealing. A similar observation has been made by Lysaght et al., 33 in which 4 nm as-deposited ALD HfO 2 films grown on chemical oxide underlayers appear amorphous. Results in the same study 33 show that the percentage of the crystallinity achieved after annealing is independent of the as-deposited crystallinity.
CONCLUSIONS
As-deposited ALD HfO 2 films grown on thermal SiO 2 are polycrystalline, while the same films deposited on chemical SiO 2 are amorphous but strongly ordered on a subnanometer scale. The HfO 2 films deposited on chemical oxide may be very-fine-grain ͑ϳ1 nm͒ nanocrystalline; further experiments are required to elucidate the structure. Subsequent heat treatments of both systems show very similar crystallization kinetics, resulting in grain growth to a relatively large grain size of about 10 nm, after even a short anneal at 900°C.
